ABSTRACT Growth of Streptococcusfaecalis in a complex medium was inhibited by xenon, nitrous oxide, argon, and nitrogen at gas pressures of 41 atm or less. The order of inhibitory potency was: xenon and nitrous oxide > argon > nitrogen. Helium appeared to be impotent. Oxygen also inhibited streptococcal growth and it acted synergistically with narcotic gases. Growth was slowed somewhat by 41 atm hydrostatic pressure in the absence of narcotic gases, but the gas effects were greater than those due to pressure. In relation to the sensitivity of this bacterium to pressure, we found that the volume of cultures increased during growth in a volumeter or dilatometer, and that this dilatation was due mainly to glycolysis. A volume increase of 20.3 -4-3.6 ml/mole of lactic acid produced was measured, and this value was close to one of 24 ml/mole lactic acid given for muscle glycolysis, and interestingly, close to the theoretic volume increase of activation calculated from the depression of growth rate by pressure.
glucose, 1 g Marmite (a commercial yeast extract from Marmite Ltd., London, England), and 0.5 ml HaPO4 in a liter of distilled water. The pH of the medium was adjusted to 7 before autoclaving. S. faecalis is a homofermentative, lactic acid bacterium with relatively simple catabolic metabolism. Glycolysis seems to be the main, if not the sole, source of adenosine triphosphate for growth in glucose-containing media. The major end product of glycolysis is lactic acid, and in a typical experiment, cells in a growing culture degraded 26.1 ~moles/ml glucose during the culture cycle with production of 50.7 #moles/ml lactate.
Cultures were usually inoculated late in the afternoon with about 9 X 103 bacteria/ml, and there appeared to be little or no lag phase before exponential growth began. By next morning cultures were usually sufficiently turbid for opacity readings throughout the day. The culture vessels used were small glass tubes constricted at the top and closed with cotton plugs. These tubes, together with suffÉcient water or KOH solution to come up to the constriction, were placed in Lucite chambers 5 cm in di- ameter and 10 cm long, with inside diameter of 1 cm and inside length of 7 cm. A brass cover with an O-ring sealed the chamber and provided suitable connections by a flexible hose to the desired gas tanks. The chambers were immersed in a water bath at 24 °C -4-0.1 °C, except when other temperatures were required. At intervals the Lucite chambers were removed from the water bath and inserted into a cylindrical container through which a beam of light passed transversely to a photocell. The output of this photocell was balanced against the output of a control photocell illuminated by a similar beam of light from the same lamp which had not passed through a bacterial culture. The point of balance was read on a potentiometer using a high-resistance galvanometer as indicator. The opacity read in this way can be related to total bacterial counts by means of the curve shown in Fig. 1 . A major advantage of this technique for measuring growth was that the cultures did not have to be decompressed for each measurement.
To facilitate saturation of the cultures with the gases used, a small magnetic bead was included in each culture tube. This bead could be moved up and down through the culture with a strong electromagnet outside the pressure chamber to provide neces-THE JOURNAL  OF GENERAL  PHYSIOLOGY  • VOLUME  5 ° • 1968 sary mixing and to accelerate gas diffusion. Cultures were mixed prior to each opacity reading. The total number of bacteria per milliliter was determined by use of a PetroffHausser counting chamber. The chamber was filled twice for each sample, and a minimum of 100 cells was counted for each filling. When viable counts were required, they were obtained by diluting samples of culture with 1% peptone broth (Difco Co., Detroit, Mich.), and then spreading triplicate 0.1 ml samples of the diluted suspensions over the surfaces of trypticase-soy-agar plates (Baltimore Biological Laboratories). The plates were incubated at 25°C for 48 hr before colonies were counted.
When the effects of hydrostatic pressure were to be tested, the culture tubes were filled to the brim and closed with rubber stoppers avoiding all gas bubbles. Under pressure the stoppers were pushed further into the tubes as required to follow compression of the cultures. There were, therefore, no increases in gaseous partial pressures but only increases in hydrostatic pressure.
Glucose, lactate, and pyruvate were assayed enzymaticaUy in some experiments following the procedures described by Bergmeyer (1963) . Lactic dehydrogenase was purchased from Boehringer Mannheim Corp., New York, and glucose oxidase was purchased from Worthington Biochemical Corp., Freehold, N. J.
RESULTS
Some typical growth curves, with opacity in arbitrary units read on the potentiometer or resistance box plotted against time, are shown in Fig. 2 . It can be seen in the figures to the left that argon at 41 atm pressure and xenon at 5 atm pressure produce about the same displacement of the growth curve. The figures to the right show that 41 atm of helium and 41 atm hydrostatic pressure are about equivalent in slowing growth. These agents appear to cause only a decrease in the rate of growth without appreciably affecting the final extent. Growth stopped in the cultures when the bacteria had produced sufficient lactic acid to lower the pH to about 4.8 Neutralization of the acid permitted further growth of the cultures. The inhibitory agents used here did not appreciably affect the final pH of cultures and so they did not appear to uncouple growth from glycolysis.
A time delay, referred to as At, was measured as the horizontal distance between control and experimental curves at the point of 50% growth on the control curve. The actual rates of growth represented by the two curves are proportional to the reciprocal of the time from inoculation to the time for 50% growth. As mentioned, there appeared to be little or no lag phase in these cultures. Another useful parameter called ~G was calculated by determining the difference in opacity between experimental and control cultures when the control was 50% grown, dividing this difference by the opacity of the control, and multiplying by 100 to convert the ratio to a per cent value.
A summary of the experiments with the various gases will now be presented.
xygen
We found that S. faecalis grew best anaerobically and that oxygen was inhibitory for growth. 
FIGURE 3. I n h i b i t i o n of g r o w t h (AG)
in per cent a n d time delay (At) in horn's as a function of the partial pressure of oxygen. T h e points at 0.2 a n d 1.0 a t m are from T a b l e I. T h e t h r e e points at pressures of 3-10 a t m were actually m e a s u r e d n e a r the point of peak g r o w t h r a t h e r t h a n at the 50 % point, a n d this m a y explain the flattening out of the curve.
0.72, and this ratio was not significantly different from a ratio of 0.76 obtained for a control culture. In another experiment, cultures were inoculated with 600 bacteria/ml and allowed to grow for 24 hr, at which time a control culture contained (by direct count) 144 X l07 bacteria/ml while a culture grown under 10 atm of oxygen contained only 38 × 107 bacteria/ml. When the oxygenpoisoned culture was left in air at room temperature overnight, the count rose to nearly that of the control culture.
T A B L E l E F F E C T OF O X Y G E N O N G R O W T H OF S T R E P T O C O C C U S F A E C A L I S n
At z~G hr o~ 1 a t m 02 VS. 1 a t m N2 or Ar 37 0 . 7 4 1 0 . 0 7 5 27.64-2.8 1 arm air vs. 1 a t m N~ or Ar 31 0.324-0.063 12.24-2.2 S t a n d a r d deviations of the m e a n s are included. n = n u m b e r of experiments averaged.
Bacteriostatic effects of oxygen at tensions less than 10 atm have been reported for other bacteria. (See Rahn, 1945 , for a brief review of earlier work on the subject.)
S. faecalis did use small amounts of oxygen when it was available. For example, an endogenous Qo2 of 1.3 was measured by conventional manometric techniques for cells in 0.5 u, pH 7 phosphate buffer exposed to air at 25°C. A value of 1.5 was obtained when growth medium was substituted for phosphate buffer. However, oxygen poisoning did not appear to involve any inhibition of the conversion of pyruvate to lactate due to oxidation of reduced nicotinamide adenine dinucleotide by oxygen (Chance, Jamieson, and Coles, 1965) . Measured ratios of lactate to pyruvate were 63:1 and 64:1 for cultures grown respectively in air and in 1 atm of oxygen. Moreover cell Table II . The time delays (At) and decreases in growth (AG) due to nitrogen are clearly significant in most cases, and this inhibition of growth which occurs even in the (nearly) complete absence of oxygen was interpreted as a narcotic effect. We were not certain that our efforts to equilibrate the cultures with nitrogen and thus eliminate all the oxygen were 100% effective. Diffusion of gases into and out of the cultures was delayed because the exposed surfaces were small compared to tube depths. Mixing of the cultures by means of magnetic beads speeded gas diffusion, but there may still have been a minute residuum of oxygen. This could not have lasted long, however, because some oxygen was consumed.
The last two lines of Table II summarize the results of experiments in which 41 atm of nitrogen was used with an additional atmosphere of nitrogen or of oxygen. There was somewhat more time delay and growth inhibition in the presence of oxygen, but the last line indicates that these differences were not significant statistically. The inhibitory effects of argon, xenon, and nitrous oxide were increased by oxygen, and perhaps additional experiments would have demonstrated a similar tendency for the nitrogen effect.
ANon
A summary of 64 experiments with argon at 41 atm pressure is presented in Table III results are averaged, the narcotic effect would be significant, although in these experiments the medium included oxygen from the air. An air control was included in many of the later experiments, and the argon effect relative to this control is given under item 2. Here the results are not very significant probably because the oxygen tension was higher in the control than in the argon-treated culture. Items 3 and 4 show a comparison of growth in 41 atm of argon plus 1 atm of oxygen with growth at the same argon pressure but in oxygen-free medium. Here both At and AG are significant. Thus there does appear to be a synergism between argon narcosis and oxygen poisoning in S. faecalis.
Helium
Preliminary experiments with 41 atm of helium (item 1 of Table IV) showed what appeared to be a slight narcotic effect of this gas, but later experiments indicated that this effect was largely or completely due to pressure alone. Three experiments at higher temperatures showed no inhibition of growth.
Even with oxygen present, there was no apparent narcotic effect; in fact, the cultures exposed to helium grew faster than the controls.
Xenon
In Table V are the summaries of 12 experiments with xenon. 1 Xenon at pressures of 3-9 atm was as narcotic as argon at 41 atm. Further, a synergistic Standard deviations of the means are included. The minus sign indicates acceleration rather than inhibition due to the helium. * Two aberrant experiments are omitted in which, for unknown reasons, there was no growth at all in the experimental tube. effect between xenon narcosis and oxygen toxicity occurred (item 3 of Table  V ) even when the pressure of xenon was too low to produce a narcotic effect alone (item 2 of Table V) . This synergism is shown clearly in Fig. 4 in which At values are plotted against partial pressures of xenon.
To confirm these results, we obtained another tank of xenon and compared the inhibitory effect of the gas in 1 atm of nitrogen with its effect in 1 The experiments were done in order of the pressure level beginning at the highest pressure, the tank pressure being slightly lower after each experiment. When the tank pressure fell below 3 atm no inhibition could be observed unless 1 atm of 02 was present. experiments averaged is noted above each bar. At every pressure the values of AG in oxygen were greater than those in nitrogen, although this was not true for every single experiment. An almost identical graph for At is also available but need not be presented here since At and AG are just alternative parameters for considering the same data.
The statistical significance of these results is indicated in Table VI . In the first four lines the 10 experiments of the second series are averaged together for different pressure ranges, and the differences between values obtained with nitrogen and oxygen are averaged. The differences are significant only at the 7-17% level. However, if all the values obtained in both sets of experiments at pressures of 2.5 atm and above are averaged together, then the differences become significant at the 1-2°-/o level as shown in the last line of Table VI .
The high cost of xenon curtailed further experiments to improve the statistical significance of these results. However, the effects seen for xenon con- firm those seen for argon and are in turn confirmed by the effects obtained with nitrous oxide.
Nitrous Oxide
The results of 19 experiments with N~O are summarized in Table VII . Most of the experiments involved saturating the cultures with 100% N2 or 100% 02 or air, all at 1 atm pressure, before addition of nitrous oxide at the desired pressure. At and AG values, and differences in these values, for cultures grown in the presence and in the absence of oxygen are presented in Table VII . It is apparent that inhibitory effects in the presence of oxygen were always greater than those in the absence of oxygen. Of course, oxygen alone at 1 atm did cause some inhibition, but the use of l atm of oxygen in the control culture permitted direct evaluation of the compounding effect of nitrous oxide. Clearly nitrous oxide, like xenon and argon, shows a synergistic action between inert gas narcosis and oxygen poisoning.
S. faecalis is rather insensitive to nitrous oxide compared with man. This gas serves as a surgical anesthetic at pressures less than 1 atm, but the optimum oxygen pressure for minimizing the effect of N20 in man does not seem to have been determined. With relatively high pressures of oxygen, the synergistic effect of O~ and N~O might become apparent for man as it does for bacteria.
Hydrostatic Pressure
The gas pressures used in these experiments were low compared with the hydrostatic pressures of several hundreds or thousands of atmospheres which A minus sign means enhancement rather than inhibition by N~O. Number of experiments averaged = n. Standard deviations of the means are included.
have been found previously to inhibit bacterial growth. However, to our surprise, we did find that 41 atm hydrostatic pressure, in the absence of a gas phase (see Methods and Materials section for procedure), did have a slight, definite inhibitory effect on the rate of S. faecalis growth. The results of experiments for three temperature ranges are presented in Table VIII ; they show that there probably was an enhancement of the inhibitory effect at lower temperatures. The discovery that pressure alone slowed growth suggested that the slight apparent narcotic effect of 41 atm of helium ,night be purely a pressure effect. When growth inhibition due to 41 arm of helium was compared with that due to 41 atm of hydrostatic pressure (Table IX) , it was clear that helium did not narcotize S. faecalis; and in fact, growth under pressure appeared to be somewhat stimulated by helium. In contrast, a definite, pressure-independent narcotic effect of argon on S. faecalis is shown by the other results presented in Table IX .
Dilatation during Growth
The inhibitory effects of pressure suggested that growth of S. faecalis may be accompanied by a volume increase or dilatation. Moreover, the major catabolic reaction supporting growth was glyeolysis. Meyerhof and M6hle (1933) have reported that muscle glycolysis results in a dilatation of 24 M/mole of lactate formed. An increase in volume of this magnitude was also observed --0.134-0.11 0.28 --6.6=t=7.0 0.44 This summary covers all the experiments at any temperature. Negative values are given to cases in which the pressure curve was below the gas curve. The results show that it is more than 96% probable (P values) that argon has some specific inhibitory effect aside from its pressure, while helium definitely does not.
in stimulated muscle during the period of increasing lactic acid formation. Thus it appeared that dilatation of growing streptococcal cultures might be related to glycolysis, especially since we found that nongrowing cell suspensions in buffer solutions also increased in volume during glycolysis following glucose addition.
To measure volume changes during growth, we placed S. faecalis cultures in a simple dilatometer or volumeter consisting of a 25 ml pipette closed at the bottom by a stopcock and with an 0.24 mm internal diameter, horizontal capillary tube at the top. The dilatometer was sterilized prior to use, and care was taken in filling it to avoid gas bubbles. The dilatometer was im-mersed in a 24°C water bath, and measurements of the position of the meniscus in the capillary tube were made at intervals with the aid of a centimeter scale etched on the capillary. During the period of growth no gas bubbles appeared inside the vessel, and pressure (by forced expiration or 100 torr) exerted on the contents, through the open end of the capillary tube, caused only about 1 mm (reversible) displacement of the meniscus. This displacement did not change during the experiment, and so formation or dissolution of gas bubbles was unlikely. So long as glycolysis and growth continued the volume of the culture increased, and the total movement of the meniscus during the period of measurement was some 1-7 cm. A summary of the average volume changes measured for growing cultures is presented in Table X , together with average amounts of acid formed during the growth. For these experiments acid was determined simply by titration; in later experiments (to be reported elsewhere) lactic acid was measured enzymatically and it was found that essentially all of the titratable acid was lactic acid.
The average volume change per mole of lactic acid produced was about 20 ml/mole of lactate; this value is close to, but significantly lower than, the value of 24 ml/mole of lactate reported by Meyerhof and M6hle for muscle.
DISCUSSION
The measurement of volume changes during growth of bacterial cultures represents a new technique which has not, to our knowledge, been used previously in microbiology. The technique is very simple when applied to an organism such as S. faecalis, but would require more ingenuity in apparatus design for use with aerobes or other organisms which produce or consume gases. The potential usefulness of the technique in bacterial physiology places it in a class with calorimetry. It might be used, for example, as an aid in verifying that a particular proposed series of reactions occurred in a cell suspension or culture by relating the observed volume change to that predicted from a knowledge of the partial molal volumes of products and reactants. Alternatively, one could attempt to determine which reactions lead to a particular observed volume change, as we have done in this paper for streptococcal glycolysis.
Dilatometry should be useful also as an adjunct to studies of the effects of pressure on biological systems. For example, we have applied Eyring's equation (Johnson, Eyring, and Polissar, 1954) relating reaction rates to pressure to our results. One form of the equation is:
k~ ~ ko e-~n v~lnT where k~ and ko are reaction rates with and without pressure equal to p, and AV~ is the theoretical volume change associated with formation of the "activated complex" in milliliters per mole. It is assumed that formation of the active complex is the main pressure-sensitive reaction, and that any other volume change in product formation is unimportant. The time delay for growth under about 40 arm hydrostatic pressure at 24°C was 0.62 hr over the first 19 hr of growth. Therefore, the ratio k~/ko was 19/19.62 = 0.97.
Calculation yields a AV~ value of 18.2 ml/mole. Interestingly, this value is close to that of 20.3 ml/mole lactic acid produced based on volume increase measurements. Further experiments are needed to decipher the relationship between the two AV values. We calculated, making use of AV values given in the book by Johnson et al. (1954) , that synthesis of protein, DNA, and RNA in streptococcal cultures should result in only an insignificant dilatation during growth. Therefore, as indicated, glycolysis seems to be the main process leading to dilatation of the cultures; however, the observed AV must reflect not only the AV accompanying splitting of glucose molecules but also the AV involved in neutralization of the lactic acid produced.
The results presented in this paper are of interest also in showing that inert gases have inhibitory effects on bacteria as well as on higher organisms. The interpretation of inert gas narcosis should then be primarily in terms of general cell physiology and not solely in terms of the physiology of special structures such as synapses, although synapses may be more sensitive than other parts of ceils. The effects of a number of inert gases on S. faecalis indicate an order of relative effectiveness in line with the narcotic potency of these gases for higher organisms.
